The purpose of the current study was to explore whether brain tumors disrupt the integrity of the default mode network (DMN), a well-characterized resting-state fMRI network. We evaluated whether tumor grade, volume, postsurgical/clinical status, or location decreased the functional connectivity within the DMN in patients with gliomas. Taskbased fMRI data was obtained from 68 diffuse glioma patients and 12 healthy volunteers. Pseudo-resting state fMRI data was calculated from task-based fMRI data using standard techniques. Data was preprocessed and DMN integrity was compared across WHO grade, tumor volume surgical status (new vs. recurrent tumors), age, and KPS using univariate and multivariate linear models. WHO grade was the most significant predictor of DMN integrity (P = 0.004), whereas T2 hyperintense lesion volume was not a predictor (P = 0.154). DMN integrity was lower in high-grade (WHO III-IV) compared with low-grade (WHO II) patients (P = 0.020). Tumors in the left parietal lobe showed a more impaired DMN compared with tumors in the frontal lobe, while tumors within and outside the network nodes did not differ significantly. Results suggest higher tumor grade along with prior surgery and/or treatment cause the largest reduction in DMN functional connectivity in patients with primary gliomas, and that tumor location has an impact on connectivity.
Introduction
Approximately 22,500 cases of primary brain tumors are diagnosed each year; of these, approximately 70 % are malignant gliomas [1] . Malignant gliomas often exhibit a high degree of tumor cell infiltration and proliferation compared with lower grade gliomas [2] . Tumor cells produce or recruit matrix metalloproteinases that mediate extracellular matrix degradation [3] , allowing tumor cells to migrate through the parenchyma and infiltrate into regions of the brain. This microscopic infiltration, otherwise undetectable by traditional imaging sequences, is thought to be the primary reason for dismal prognosis in malignant gliomas. As such, more advanced MR techniques such as DTI and fMRI have been investigated for applicability in noninvasive assessment of tumor burden.
Resting state fMRI has emerged as a reproducible and unbiased way of measuring the functional connectivity between different regions of the brain. Even in the absence of stimulus (i.e. the resting state), studies have identified multiple correlated networks in the brain associated with various functions [4] . The most easily detected and consistent of these is the default mode network (DMN), a network consisting of four primary nodes approximately located in the anterior cingulate cortex (ACC), posterior cingulated cortex (PCC), left lateral parietal cortex (LLPC), and right lateral parietal cortex (RLPC) [5] [6] [7] [8] . The reproducibility of this network across patients and studies makes it a target of interest in functional connectivity research. Although the precise implications of alterations in this network are not fully understood, numerous studies have shown alterations in the DMN in neurological conditions including Alzheimer's Disease [9] , schizophrenia [10] , and dementia [11] . As neurological and personality changes are known to accompany tumor growth and infiltration and functional connectivity mapping using resting state fMRI has been shown to be one of the most powerful methods for evaluating neurological integrity of many cognitive networks [12] , we hypothesized that gliomas may cause significant alterations in DMN connectivity, and that gliomas of differing aggressiveness and location may alter connectivity to different degrees.
''Pseudo'' resting state fMRI is a widely accepted postprocessing technique involving subsequent analysis of the residual fMRI signals after activation due to the task has been taken into consideration [13] . Fair et al. [13] , Fox et al. [14] and Arfanakis et al. [15] . have all demonstrated that much of the variance observed in task-based fMRI experiments can be accounted for by the underlying resting state fMRI spontaneous activity. In other words, task-based fMRI is thought to consist of a linear combination of taskrelated activation and persistent resting spontaneous activity. In the current study we propose examining connectivity of the DMN using pseudo-resting state fMRI analysis applied to pre-operative, task-based fMRI data.
In the current study we tested the hypothesis that patients with primary brain tumors will have a lower overall functional connectivity between nodes of the DMN compared with healthy patients, and that connectivity between nodes distal from the tumor mass will also be altered. We hypothesize that high grade gliomas will result in greater deterioration of the DMN network, potentially related to their more invasive nature. Additionally, we hypothesize that tumor volume and post-surgical status (newly diagnosed vs. recurrent) may also influence DMN integrity. MRI acquisition and pre-processing All patients underwent anatomical T2WI and T1WI MPRAGE scans as well as multiple task-based fMRI scans (TR = 2,500, TE = 35, flip angle = 90°, 128 9 128 matrix size) of a uniform timing paradigm: alternating 10-s blocks of rest and stimulus, with a total scan time of 4 min (96 acquisitions). The stimulus task was one of the following, based on available retrospective data: (i) a right-or left-handed finger tapping task; (ii) a right-or left-footed foot tapping task; (iii) a visual or audio response task; (iv) an object naming task; (v) a tongue-moving task. All functional data underwent preprocessing consisting of the following steps: (i) truncation of the first five time points to allow for magnetization equilibrium; (ii) application of a 0.01 Hz high-pass filter; (iii) motion correction of the series to the first time point using MCFLIRT (FSL [16] ; FMRIB, Oxford, UK); (iv) interleaved slice timing correction; and v) spatial smoothing of 5 mm full-width halfmaximum. For each time series, the stimulus paradigm was 
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Outside DMN, n = 13 then deconvolved from the raw data using the 3dDecon-volve function in AFNI (Analysis of Functional NeuroImages, afni.nimh.nih.gov) [17] . The resulting ''pseudoresting state fMRI data'' [13] and anatomical T2-weighted images were then registered to the T1-weighted Montreal Neurological Institute (MNI) atlas. The three pseudo-resting state fMRI time series datasets were then concatenated and used for connectivity analysis. Data from healthy volunteers was acquired using a single fMRI paradigm (an alternating 10-s finger tapping task) with similar acquisition parameters, deconvolution, preprocessing and registration processes as tumor patient data.
Image processing
Tumor volume was defined by hyperintensity on T2-weighted images using a semiautomated thresholding technique followed by manual adjustment of the contour in AFNI. ROIs for the four primary nodes of the DMN were defined via a DMN template provided by the GIFT toolbox for Matlab [18] , which was registered to standard MNI template space. A 10 mm spherical ROI was placed at the center of each of those locations in MNI template space. For both patients and healthy controls, the mean pseudo-resting state fMRI time series data within each ROI was calculated for each DMN node. The mean pseudo-resting state fMRI time series for each node was correlated with signals from the other nodes using a Pearson's correlation coefficient (r), resulting in a total of six connectivity measurements between the four nodes ( Fig. 1 ). These correlation coefficients were then converted to z-scores using a Fisher transformation [19, 20] . The six z-score values were averaged to obtain a global DMN connectivity measurement for each participant.
Statistics
Univariate linear analysis was used to separately test the influence of tumor volume, surgical status (newly diagnosed vs. recurrent), WHO grade, age, and KPS on global DMN connectivity. A multivariate analysis was also performed to compare all five variables and identify the strongest predictors of DMN integrity. Tumor volumes were compared between high (WHO III-IV) and low grade (WHO II). Global DMN connectivity of WHO grade II, III, and IV tumor patients, along with healthy volunteers, were computed and compared using a one-way ANOVA and Tukey's test for multiple comparisons. High-grade patients were then separated into three groups based on tumor location; these were organized as patients with a tumor in the LLPC node (n = 19), patients with a tumor in the ACC node (n = 8), and patients with a left hemisphere tumor outside the DMN (n = 20). Global DMN connectivity and T2 hyperintense lesion volume were compared between these groups using a one-way ANOVA. Patients with a tumor in either node (n = 27) were then combined and compared against patients with a tumor outside the DMN (n = 20). For low-grade tumors, we examined the difference between tumors within (n = 8) and outside (n = 13) the DMN as well, although the within-DMN group was not split into three tumor location groups for ANOVA due to lack of sufficient group size. Lastly, for both the high-grade and low-grade tumor groups, newly diagnosed glioma patients were compared with recurrent patients to test for a significant difference in global DMN connectivity.
Results
Univariate analysis suggested that WHO grade (P = 0.004) significantly influenced global DMN connectivity and surgical status (newly diagnosed vs. recurrent, P = 0.064) was trending towards significance, whereas T2 hyperintense lesion volume was not (P = 0.154). Age (P = 0.637) and KPS (P = 0.248) also did not significantly influence global DMN connectivity. Multivariate analysis supported these trends, illustrating that WHO grade was the most significant predictor of DMN integrity (P = 0.012), although surgical status was no longer trending (newly diagnosed vs. recurrent; P = 0.248). T2 hyperintense lesion volume (P = 0.995), age (P = 0.103), and KPS (P = 0.293) were still not significant factors in multivariate analysis. As expected, T2 lesion volume was higher in malignant gliomas compared with low grade gliomas (t test, P \ 0.001). One-way ANOVA revealed a significant difference between global DMN connectivity in grade II, III and IV patients and healthy controls ( Fig. 2a ; P \ 0.0001). In particular, results identified a trend of decreasing global DMN connectivity with increasing WHO grade (Healthy, mean = 0.78; grade II, 0.58; grade III, 0.54; grade IV, 0.45). Tukey's test for multiple comparisons suggested differences between the healthy group and all three tumor groups (vs. WHO II, P \ 0.01; vs. WHO III, P \ 0.01; vs. WHO IV, P \ 0.001). In general, a decrease in DMN connectivity was observed in high-grade compared with low-grade gliomas ( Fig. 2b ; t test, P = 0.020).
High-grade gliomas demonstrated a significant difference in global DMN connectivity based on tumor location ( Fig. 3 ; ANOVA, P = 0.006). Specifically, patients with tumors in the LLPC had a significantly lower overall DMN connectivity compared to patients with tumors in the ACC (Tukey's test, P \ 0.01). Volumes were significantly different between tumors outside the DMN and within either the LLPC or ACC node (t test, P \ 0.0001), but tumors located within the LLPC and ACC nodes did not significantly differ in volume (t test, P = 0.914). Mean global DMN connectivity for tumors located within the LLPC, Lastly, we tested whether global DMN connectivity was altered as a result of previous surgical and/or chemotherapeutic intervention, specifically comparing newly diagnosed versus recurrent gliomas. As expected, global DMN connectivity was significantly lower in recurrent glioma patients ( Fig. 4a ; t test, P = 0.015). When stratified by malignancy, the trend of lower DMN connectivity in recurrent tumors was trending towards significance in highgrade gliomas ( Fig. 4b ; t test, P = 0.051) but not lowgrade gliomas ( Fig. 4b ; t test, P = 0.839). The observation of statistical differences in DMN connectivity in newly diagnosed versus recurrent high-grade gliomas may be due to addition of radiochemotherapy in high grade gliomas prior to recurrence; whereas low-grade gliomas are not treated as aggressively with radiation or chemotherapy.
Discussion
Although a few studies have examined the applicability of resting state fMRI for presurgical planning of the sensorimotor and networks [19, 21, 22] , to the best of our knowledge, this is the first study to investigate DMN integrity in brain tumor patients using resting state fMRI, and the first to explore the correlation between functional connectivity and tumor grade. Our findings suggest that DMN integrity is impaired as a result of tumor, and that WHO grade and surgical status are significantly correlated with DMN integrity. Interestingly, our results suggest that tumor volume plays only a minimal role in alteration of the DMN network, and DMN integrity may be also influenced by tumor location.
Results from the current study support the hypothesis that degree of tumor malignancy (WHO grade) is highly correlated with the integrity of the DMN. Malignant gliomas are associated with infiltration into surrounding brain parenchyma, resulting in damage to regions of the brain that may be involved in neurological function. Although this invasion is often ill defined on standard MR imaging techniques, resting state fMRI measures of functional connectivity may provide additional insight into the degree of tumor infiltration. Interestingly, our results failed to find a strong statistical association between DMN connectivity and tumor size on T2-weighted images. Although speculative, these results suggest that large T2 lesions may not necessarily disrupt the DMN if they do not have histopathological features of malignancy, but rather may displace neural connections between functional regions. Alternatively, tumors appearing small on T2-weighted images and presenting with aggressive histopathological features may damage neural connections between functional regions. T2-enhancing lesions comprise both edematous tissue and tumor, and the relative contribution of each to a particular patient's lesion volume is unknown when contouring. As edema and tumor may disrupt neural networks in differing ways, this may explain our lack of correlation as well.
Interestingly, high-grade gliomas located within the ACC demonstrated a stronger global connectivity compared with gliomas located within the LLPC or outside the DMN nodes altogether, despite no difference in tumor volume between the high-grade LLPC and ACC groups. This finding may reflect the larger physical distance of the ACC node from other DMN nodes, reducing the influence of infiltrating tumor on the other nodes. Post-surgical status (i.e. newly diagnosed vs. recurrent gliomas) also significantly influenced DMN integrity. Specifically, patients who were evaluated after a first surgical resection and upon recurrence (prior to second surgery) demonstrated a lower global DMN connectivity compared with newly diagnosed glioma patients. This result may reflect the influence of physical tissue damage and removal; however, this result may also reflect the fact that recurrent gliomas tend to be treatement-resistive, hypoxia-tolerant, and more aggressive than pre-treatment gliomas. Additionally, due to the retrospective nature of this study, post-surgical patients in some cases received a variety of radiotherapy or chemotherapy following surgery, which may have altered cognition and white matter integrity.
There were several important limitations to this study. First, only task-based fMRI data was available for analysis, from which the pseudo-resting state fMRI signal was generated. While task-based data is beneficial for a retrospective study due to its more common acquisition in brain tumor patients than true resting-state data, previous studies have shown that task-induced correlations may contaminate the resting correlations in pseudo-resting state fMRI data and that constant engagement of a task may alter underlying spontaneous BOLD fluctuations, resulting in underestimation of the strength of connectivity in restingstate networks [23] . Regardless, the differences in connectivity observed under various conditions in the current study appear to be large enough even with this potential contamination from task-based activity. An additional limitation in the current study was lack of age matched healthy control participants to our patient population and the low-grade glioma group was of a lower mean age than the high-grade group. In general, studies have shown a decrease in DMN activity that accompanies normal aging [24] [25] [26] [27] , although the magnitude of change in the DMN observed due to normal aging is substantially less than we observed in our patient population. Another important limitation in the current study was lack of post-contrast T1-weighted images at the same time point as fMRI data. The lack of a significant trend between DMN integrity and tumor volume may be a result of this limitation, as tumor burden is typically defined by contrast-enhancement on post-contrast T1-weighted images. We did not correct our images for mass effect, which may have resulted in physical misalignment of brain tissue compromising the DMN nodes in some patients with larger tumors. Lastly, in future studies, it would be beneficial to perform neuro-cognitive testing near the date of MRI acquisition to supplement our current findings, as well as diffusion tensor imaging in order to determine whether the distance of the tumor to specific white matter tracts influences connectivity.
Conclusions
There remains a clinical need for noninvasive assessment of cognitive function in glioma patients. Resting-state fMRI is a novel, unbiased method of assessing global cognitive integrity. Results from the current study suggest that tumor grade, location, and post-surgical status significantly altered functional connectivity in the default mode network, whereas T2 hyperintense lesion volume did not appear to play a significant role in DMN connectivity.
